Residual stresses parallel to the welding direction on a cross-section of a 3 mm thick friction stir butt-welded aluminum alloy AA6082-T6 plate were determined using the contour method. A full contour map of longitudinal residual stresses on a weld cross section was determined in this way, revealing detailed information on the residual stress distribution in the inside of a friction stir weld, especially in the nugget zone. The typical M-shape, usually described for the residual stress distribution in friction stir welds, was found. The maximum residual stresses are below the yield strength of the material in the shoulder region and, outside of the welding region, low tensile and compressive residual stresses are responsible for the necessary stress equilibrium on the plane of interest. A comparison was made with the established incremental hole drilling technique on an equivalent plate for validation and good agreement of both techniques was obtained. The distribution, as well as the magnitude of the residual stresses measured by both techniques, is very similar, thus validating both the experimental and numerical procedures used for the contour method application, presented and discussed in the present paper.
Introduction
The contour method is a recent fully destructive residual stress measurement technique, developed by Prime in 2001 [1] . With this technique it is possible to determine the residual stress state on a surface inside a body in the direction perpendicular to the cutting plane. This technique has been used in a great variety of situations, but information regarding thin plates is scarce [2] . The distorted shape of welded plates and the low displacements measurable after the cut are challenges that need to be overcome.
The incremental hole drilling technique (iHDT), ASTM standard E837-07 [3] , was applied to a similar plate for validation purposes. This well established technique is able to measure the variation with depth of the residual stresses at a point in various directions. Eleven holes were drilled in order to be able to map a part of the residual stress distribution of the plate.
When residual stresses are high enough to cause yielding during a cut, the elastic superposition principle used by this technique is not applicable anymore. Shin [4] notes that the plasticity induced error is significantly lower in the case of the contour method than in the case of the hole drilling technique when residual stresses near the yield strength are to be measured. Proper constraining of the plate during the cut reduces this error further. In the present work, all efforts were made to adequately clamp the plate during the cutting process, and considering the measured stress magnitude according to Shin an error well below 5% is expected [4] .
The longitudinal through-the-thickness residual stress distribution on a friction stir welding (FSW) cross section has been determined for a 3 mm thick aluminum plate. Welding was performed under displacement control at a welding speed of 290 mm/min and 1500 rpm. The 15 mm diameter channeled shoulder was used together with a 5 mm conical pin. The material used was the aluminum alloy AA6082-T6, with a Young's modulus (E) of 65 GPa and a yield strength of 252 MPa [5] .
Experimental setup
The used residual stress determination method is divided into four parts. First a wire electro discharge machining (wEDM) cut has to be performed revealing the plane of interest, being the determined stresses perpendicular to this plane. Secondly, a coordinate measuring machine is used for determination of the surface relaxation after the cut. The measured data is treated with a data reduction scheme for noise and error elimination. A finite element model is built considering the real geometry and the measured deformation is applied to the model so that stresses on the surface may be retrieved.
Cutting of the specimen. The cut was done on a Sodick wEDM. A 0.25 mm diameter wire was used for the cutting process, and the cutting speed was about 24 mm/min. This precision cut was made in a single operation. While it was tried to optimize the clamping arrangement, the cut was made with only one half of the plate rigidly clamped due to restrictions of the available equipment.
Measurement of the cutting plane.
Measurements where performed at approximately 2000 points on the surface of interest and the shape of the plate was acquired for a more accurate finite element modeling of the plate, using a ZEISS UPMC Ultra touch probe coordinate measuring machine. More points have been acquired in the centre of the plate than on the borders in the plate width direction, since a stronger variation is expected in the centre around the weld, leading to shorter measurement times.
Data conditioning. Data conditioning is divided into three main steps. First the deformed surfaces have to be aligned with a horizontal plane. Afterwards, the average deformation value of each measured point has to be calculated in order to eliminate errors based on deviations of the cut from a precise straight cut. The result of both steps is shown in Figure 1 (a), where both measured plate halves and their average deformation are represented. The average point cloud has to be smoothed to a surface which is continuous at least up to its first derivative for application in a finite element model. Therefore a bivariate spline function provided by Mathworks MatLab is used [6] . Quadratic splines have been chosen for the approximation. In X direction, a higher knot density was applied between ±50 mm around the welding line than at the plate borders. It should be noted that a higher knot density tends to lead to higher noise in the stress results, since the calculation of stresses based on displacements uses derivatives, and therefore undulations in the displacement field will lead to stronger variations in the stress field. The knot number is optimized, reducing it to the minimum possible number which still guarantees a good surface fit quality. A rectangular grid with 2000x20 points was overlaid on the measured points for use of the smoothing function. Figure 1(b) shows the smoothed surface based on the average displacement of both measured plate halves.
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The calculated surface represents 99.3% of the average measured point cloud. The calculated nodal displacements are applied to the FEM model.
FEM.
The finite element model is created in several separate steps. First the measured geometry is read into MatLab and exported in a supported format into the FEM package. Afterwards nodes and elements are created inside this package. The finalized 2D surface mesh is than exported into MatLab [7] for the data smoothing procedure. The full mesh is extruded from this surface with the correct plate length and analyzed using the Abaqus solver [8] . 2480 quadratic elements define the surface of the FEM model with 7957 nodes before extrusion. 60 elements are used geometrically biased by a factor of 10 in the perpendicular direction for extrusion. This leads to 649717 nodes and 148800 quadratic elements, which takes approximately two hours to be solved on a dedicated Abaqus workstation.
Results
The residual stress perpendicular to the plane of interest is retrieved from the finite element package. The typical M-shape usually described for the residual stress distribution in FSW is found. The maximum residual stresses are around 20% below the yield strength of the material and essentially zero and slightly compressive outside of the welding region; the compressive residual stresses are responsible for the stress equilibrium on the whole surface. The plasticity induced error may therefore be considered almost negligible.
Discussion
A doubt that may rise in the course of this work is whether the size of the modeled plate influences the results. Plate half A has a length of 126 mm and plate half B has a length of 180 mm. In order to determine the influence of the difference in plate size in the finite element model, the second plate half was also modeled and the absolute difference of the obtained residual stresses reaches about 10MPa which is equivalent to about 5% of the maximum measured stresses. Taking into account the resolution of most of the residual stress measuring techniques, this difference is acceptable.
A simple plane stress FEM model was created in order to be able to explain the origin of this difference. It was found that possible size effects should lead to the opposite displacement tendency, leading to a higher distortion on the bigger plate half. Since in the present case the higher distortion was measured on the smaller, and not clamped, plate half, the differences are most likely related to plasticity effects during the cutting process. This demonstrates the need for a strong clamping setup near the cutting line on both sides of the cut. It was found that by applying the same average displacement to both plate halves in a FEM model, the higher residual stress is determined by using the smaller plate half, but only by a negligible difference below 0.1%, which is within the measurement uncertainty. The bigger plate half is used in the present work. Therefore, even if some size effect may cause an additional difference, the main reason for differences in the calculated results is determined to be due to the non-ideal cutting conditions. One other possible explanation for the obtained differences may be related to the overall plate distortion which was not modeled. The measured shape was applied to a flat plate instead of a slightly bent plate.
Measurements performed by the iHDT at 11 points on a similar specimen show comparable results to the contour method, like the M-shape, the maximum value and low compressive stresses outside of the welding nugget. Figure 2 The distribution as well as the magnitude of both measuring techniques is very similar. The highest difference is found on the borders of the surface, where the contour method predicts high compressive stresses. The strong compressive residual stresses on the borders of the cutting plane should not receive too much attention, since they are influenced by the extrapolation of the measurements performed near the border of the surface. Using a touch probe CMM such as in the present case, it is not possible to measure exactly at the border. This means that compressive residual stresses in this area may be overestimated.
The present work leads to similar results as a AA2024 FSW butt-joint measured using the synchrotron X-ray technique by Altenkirch et al. [9] . Both the magnitude and distribution are comparable, even if the cited work was performed on a 5 mm thick aluminum plate. For a 25 mm thick dissimilar FSW aluminum plate in a different alloy, a comparable stress distribution was also found by Prime et al. [10] .
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